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In order to characterize the carbon biomass spatial distribution of autotrophic and heterotrophic pico-
plankton populations linked to mesoscale dynamics, an investigation over an extensive open-ocean re-
gion of the southern Gulf of Mexico (GM) was conducted. Seawater samples from the mixed layer were
collected during wintertime (February–March 2013). Picoplankton populations were counted and sorted
using ﬂow cytometry analyses. Carbon biomass was assessed based on in situ cell abundances and
conversion factors from the literature. Approximately 46% of the total picoplankton biomass was com-
posed of three autotrophic populations (Prochlorococcus, Synechococcus, and pico-eukaryotes), while 54%
consisted of heterotrophic bacteria populations. Prochlorococcus spp. was the most abundant pico-pri-
mary producer (480%), and accounted for more than 60% of the total pico-autotrophic biomass. The
distribution patterns of picoplankton biomass were strongly associated with the mesoscale dynamics
that modulated the hydrographic conditions of the surface mixed layer. The main features of the carbon
distribution pattern were: (1) the deepening of picoplankton biomass to layers closer to the nitracline
base in anticyclonic eddies; (2) the shoaling of picoplankton biomass in cyclonic eddies, constraining the
autoprokaryote biomasses to the upper layers, as well as accumulating the pico-eukaryote biomass in the
cold core of the eddies; and (3) the increase of heterotrophic bacteria biomass in frontal regions between
counter-paired anticyclonic and cyclonic eddies. Factors related to nutrient preferences and light con-
ditions may as well have contributed to the distribution pattern of the microbial populations. The
ﬁndings reveal the great inﬂuence of the mesoscale dynamics on the distribution of picoplankton po-
pulations within the mixed layer. Moreover, the signiﬁcance of microbial components (especially Pro-
chlorococcus) in the southern GM during winter conditions was revealed, indicating that they may play
an important role in the pelagic food web, and that they may have a substantial impact on the carbon
cycle in oligotrophic regions.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Picoplankton populations are microbial components of plank-
ton communities. They contribute to the structure and function of
marine ecosystems and play a signiﬁcant role in the global carbon
cycle (Azam and Malfatti, 2007). The smallest known picoplank-
tonic oxyphototrophs, Prochlorococcus, and the closely relatedLtd. This is an open access article umarine Synechococcus account for as much as two thirds of the CO2
ﬁxation in the oceans, and are responsible for nearly one third of
the global primary biomass production (Bryant, 2003). A large
fraction of primary production turns into dissolved organic matter
(DOM), which is almost exclusively accessible to heterotrophic
bacteria as the major carbon-ﬂow pathway in the oceans. Most of
the DOM is respired to carbon dioxide and exchanged to the at-
mosphere, while another portion is assimilated and re-introduced
to the classical food chain (large phytoplankton, suspension-
feeding zooplankton, and ﬁsh) through microbial trophic compo-
nents. Thus, the picoplankton community is an integral part of thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Picoplankton populations are composed of single-celled auto-
trophic and heterotrophic organisms ranging from 0.2 to 2.0 mm.
They are characterized by high growth and mortality rates, con-
trolled by microzooplankton grazing. Autotrophic picoplankton
consists of prokaryote (Prochlorococcus, Synechococcus) and pico-
eukaryote populations (Chisholm et al., 1992; Raven, 1998; Urbach
et al., 1998). The numerically most dominant photoautotroph and
most signiﬁcant contributor to primary production in oligotrophic
waters is the marine cyanobacterium Prochlorococcus. Ubiquitous
from 40°S to beyond 40°N, its abundances in surface waters (upper
200 m) usually exceed other pico-sized phytoplankton groups by
1 to 2 orders of magnitude (Chisholm et al., 1988; Olson et al.,
1990; Campbell et al., 1994; Partensky et al., 1999; Bryant, 2003).
Besides Prochlorococcus, there are two other populations of auto-
trophic picoplankton that are important primary producers in
tropical and subtropical environments: Synechococcus, often most
abundant in the upper, nutrient-rich layers of either upwelling or
frontal systems, and pico-eukaryotes, which belong to diverse taxa
(prymnesiophytes, pelagophytes, prasinophytes), and usually re-
present a large fraction of the picophytoplankton at the deep
chlorophyll maximum. Both Prochlorococcus and pico-eukaryote
abundances generally exceed those of Synechococcus at low light
intensities. In addition to the autotrophs, heterotrophic bacteria
can be as important as Prochlorococcus in terms of abundance and
biomass (e.g., in oligotrophic regions of the Northern Hemisphere:
Olson et al., 1990; Campbell and Vaulot, 1993; Partensky et al.,
1996; Zubkov et al., 1998, 2000). In the oligotrophic open ocean
waters of the Gulf of Mexico (GM), autotrophic prokaryotes re-
present a numerically even more signiﬁcant portion of the20˚N
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Fig. 1. Map of the study site in the Gulf of Mexico (GM), showing the grid stations of p
southward from 26°N) during February 19 to March 11, 2013. Red rectangles indicate the
station 3B (grey dot) only hydrographic parameters, but no picoplankton, were sampledphytoplankton community than any micro-sized autotrophic
group (Wawrik et al., 2003; Liu et al., 2004; Wawrik and Paul,
2004; Hernández-Becerril et al., 2012; Aquino-Cruz, 2013).
The GM, one of the 64 Large Marine Ecosystems (LME) of the
world (Sherman and Hempel, 2009), is a semi‐enclosed, topo-
graphically very variable coastal sea, partially isolated from the
Atlantic Ocean (Fig. 1). The eutrophic coastal and oligotrophic open
ocean waters provide a moderate productivity (150–300 gC m2
yr1), which supports a diverse marine community and high
biomass of ﬁsh, sea birds, and marine mammals (Heileman and
Rabalais, 2009). The open ocean waters of the southern GM region
(i.e. southward from 26 °N, Fig. 1) are little inﬂuenced by con-
tinental river run-off, and they are fed by two water masses of
subtropical origin from the North Atlantic Ocean: the Caribbean or
Loop Current Water Mass and the Gulf CommonWaters. Moreover,
this region is strongly inﬂuenced by mesoscale circulation patterns
characterized by: (1) the presence of counter-paired anticyclonic
and cyclonic eddies in the western GM waters and their interac-
tion with the continental slopes inﬂuencing the circulation over
the shelves; (2) a cyclonic eddy in the southernmost region, to-
pographically conﬁned to the deep western basin in the Bay of
Campeche; (3) the seasonal reversal of surface circulation on the
western shelves (Tamaulipas and Veracruz) with a southward ﬂow
during autumn and winter, driven by the passage of atmospheric
cold fronts proceeding from the North American continent during
winter (the “nortes” season), and a northward ﬂow during sum-
mer, driven by southerly upwelling favorable winds; (4) the up-
coast and favorable circulation inducing upwelling events
throughout the year over the western Campeche Bank; and (5) the
local circulation features over the Campeche Canyon escarpment,90˚W 88˚W
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icoplankton sampling conducted in the deep-water region of the southern GM (i.e.
three transects “north” (24–25°N), “central” (22–23°N) and “south” (20–20.5°N). At
.
L. Linacre et al. / Deep-Sea Research I 106 (2015) 55–67 57mediated by the presence of subsurface anticyclonic-cyclonic ed-
dies (Zavala-Hidalgo et al., 2003, 2006; Salas-de-León et al., 2004;
Dubranna et al., 2011; Pérez-Brunius et al., 2013).
The picoplankton community in the GM has hitherto been
described mostly in terms of cell counts or speciﬁc pigment
composition; however, given that carbon is the principal structural
component of organisms, it represents the universal currency in
marine ecological modeling and biogeochemical carbon budgets.
Moreover, most of the current literature on the picoplankton
community of the GM focuses on coastal systems where local
processes (e.g., small river and estuarine ﬂows, wave effects, near
shore circulation) inﬂuence the composition and temporal and
spatial distribution patterns of picoplankton populations (Qian
et al., 2003; Wawrik et al., 2003, 2004; Liu et al., 2004; Murrell and
Lores, 2004; Wawrik and Paul, 2004; Hernández-Becerril et al.,
2012; Aquino-Cruz, 2013). To date, there is only little information
on picoplankton carbon biomass in the GM, restricted to the
coastal waters adjacent to the Mississippi plume in the northern
GM (Jochem, 2003; Liu et al., 2004). In the present study, we aim
at providing a large-scale snapshot of the picoplankton commu-
nity structure and biomass distribution of the southern GM. In
particular, we characterize the spatial carbon biomass distribution
pattern of autotrophic (Prochlorococcus, Synechococcus, pico-eu-
karyotes) and heterotrophic (heterotrophic bacteria) picoplankton
populations in the upper waters (100 m depth) in relation to the
regional anticyclonic and cyclonic dynamics. Because of the large
mesoscale variability in the southern GM waters, we expect the
picoplankton distribution pattern to be linked to environmental
changes (e.g., temperature, irradiance, nutrient supply and spe-
ciation, mixed layer depth). The results of the present study con-
tribute to the scant global database of picoplankton biomass in
undersampled, but ecologically and economically important re-
gions of the world. This will provide a better understanding of the
relative importance of picoplankton communities for the global
biogeochemical cycles.2. Material and methods
2.1. Hydrographic sampling
The sampling for the present investigation took place during
the “nortes” or windy season from February 19 to March 10, 2013
during the oceanographic research cruise XIXIMI-3 aboard R/V
Justo Sierra. Seawater samples were collected at 34 stations cov-
ering the deep-water (Z1000 m) region of the southern GM
(25°N to 20°N and 87°W to 95°W; Fig. 1). CTD/rosette casts and
water sampling were conducted at 20 deep-water (water depth
42500 m) and 14 shallow stations (water depth 1000 m). For the
present work, the proﬁles from the ﬁrst 200 m of the water col-
umn were used. At each station, continuous measurements of
pressure, temperature, conductivity, dissolved oxygen, and chlor-
ophyll ﬂuorescence were taken from the surface down to close to
the bottom. Additionally, seawater samples were collected at dis-
crete depths with 10 L Niskin bottles and surface water samples
with 5 L Van Dorn bottles. Water column samples from the ﬁrst
100 m (surface, 10, 20, 50, 75 and 100 m) were used for ﬂow cy-
tometry (FCM), as well as nutrient (nitrateþnitrite [NN], phos-
phate, and silicic acid) and dissolved organic carbon (DOC) ana-
lyses. Nutrient analyses were performed with a Skalar SANplus
segmented-ﬂow nutrient analyzer according to the protocols de-
scribed in Gordon et al. (1993), where NN and silicic acid were
determined according to a modiﬁcation of the Armstrong et al.
(1967) procedures. Phosphate was determined according to the
Bernhardt and Wilhelms (1967) reactions. The precision and ac-
curacy of nutrient analyses was determined by repeatedmeasurements of a Seawater Certiﬁed Reference Material for Nu-
trients (MOOS-1 or MOOS-2; National Research Council Canada).
DOC was determined by high-temperature catalytic combustion
using a Simadzu TOC-5000 carbon analyzer following the protocol
described in Dickson et al. (2007). Quality controls consisted of the
analysis of consensus reference material (CRM) deep-sea and low-
carbon water (http://www.rsmas.miami.edu/groups/biogeochem/
CRM.html).
For the present investigation, we deﬁned the base of the ni-
tracline as the depth where the NN concentration was approxi-
mately 1 mM. This depth was obtained by the interpolation from
the NN proﬁles at every station. The in situ density anomaly (sig-
ma-t) was estimated from temperature, salinity, and pressure; the
base of the mixed layer depth (MLD) was deﬁned as the depth
where sigma-t was 25.5 kg m3, which roughly coincided with
maxima values of the Brunt Vaisala’s frequency within 0–200 m
depth at all stations. Additionally, the prevailing hydrographic
conditions in the GM during the sampling period were derived
from altimeter satellite data and sea surface height anomaly
(SSHA), overlaid with geostrophic velocity vectors over the same
period.
2.2. Picoplankton analyses
For enumeration of picophytoplankton (Prochlorococcus spp.,
Synechococcus spp., and pico-eukaryotes) and heterotrophic bac-
teria, 2 ml seawater samples were collected from 6 depths (sur-
face, 10, 20, 50, 75 and 100 m), preserved in 0.5% paraformalde-
hyde (ﬁnal concentration), ﬂash frozen, and stored in liquid ni-
trogen. Flow cytometry (FCM) analyses were carried out at the
School for Ocean, Earth Sciences and Technology (SOEST) Flow
Cytometry Facility of the University of Hawaii (http://www.soest.
hawaii.edu/sfcf) following the technique described by Monger and
Landry (1993). The samples were thawed in batches, stained with
Hoechst 34442 (1 mg ml1, ﬁnal concentration), and analyzed in a
Beckman–Coulter Altra cytometer equipped with a Harvard Ap-
paratus syringe pump for quantitative volume sampling and two
argon ion lasers for UV (200 mW) and 488 nm (1 W) excitation.
For counting, sizing, and sorting cells, scatter (side and forward)
and ﬂuorescence signals were collected using respective ﬁlters,
including those for Hoechst-bound DNA, phycoerythrin, and
chlorophyll. Fluorescence signals were normalized to 0.5 and
1.0 mm yellow–green (YG) polystyrene beads (Polysciences Inc.,
Warrington, PA, USA). Sample listmode ﬁles were analyzed using
the FlowJo software (Treestar, Inc., www.ﬂowjo.com). The pico-
size category (0.2–2.0 mm) was used non-rigorously for pico-eu-
karyotes, since FCM measurements may include cells 42 mm in
diameter. However in this study, 83% of all pico-eukaryotes turned
out to be cells o2 mm and the remaining 17% comprised cells
o2.5 mm (based on size-frequency distribution of cell size from
the FCM dataset).
Cell abundance (cells l1) of prokaryotes was then converted to
biomass (mgC l1) using constant conversion factors based on the
literature on oligotrophic systems similar to our study region, i.e.
20, 56, and 112 fgC cell1 for heterotrophic bacteria (HBAC), Pro-
chlorococcus spp. (PRO), and Synechococcus spp. (SYN), respectively
(Lee and Fuhrman, 1987; DuRand et al., 2001). Carbon content of
pico-eukaryotes (PEUK) was variable across stations and depths,
and was computed as described in Linacre et al. (2010). In brief, a
carbon-content-per-cell value of 1010 fgC cell1 was taken from
the literature (Garrison et al., 2000) as a starting point for the
calculations. Assuming a constant cell carbon density (C:BV) for
PEUK populations, and bead-normalized Forward Angle Light
Scattering (FALS) as a relative measure of cell biovolume (BV) that
varies with the scaling factor FALS0.55 (Binder et al., 1996), the
carbon content for PEUK was then assessed for each station and
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FALSmean)0.55, where FALSi is the FALS value of the sample i, and
FALSmean is the average of all FALS values within the MLD (Linacre
et al., 2010).
To describe the inﬂuence of the observed mesoscale structures
on hydrographic variables and on the picoplankton carbon dis-
tribution over the irregularly spaced data points, the study region
was divided into three sections: “north” (25°–24°N), “central”
(23°–22°N), and “south” (20°–20.5°N) (red rectangles in Fig. 1). In
order to study the vertical distribution of hydrographic parameters
and picoplankton biomasses, regional transects were built by in-
terpolations: all data points of all stations inside each section were
projected toward a line passing through the center of the section.
For the south transect only a reduced set of data points between
20°–20.5°N was chosen due to the high variability in hydrographic
conditions in the Campeche Bay region. Contour plots were gen-
erated using Ocean DataView with the DIVA algorithm for variable
resolution in a rectangular grid, where grid spacing varies ac-
cording to data density (Schlitzer, 2014).
In order to explore the relation between environmental con-
ditions and carbon biomass of picoplankton populations, we used
a principal component analysis (PCA) and linear regressions be-
tween the biotic and abiotic variables. For that purpose, we used a
subset of data (N¼72) that included only the depth levels where
all biological, physical and chemical variables (i.e., picoplankton
carbon biomass, temperature, salinity, ﬂuorescence, dissolved
oxygen concentrations, nutrients, and DOC) from the ﬁrst 100 m of
the water column were available. Statistical data analysis was
performed using the software STATISTICA 7.1 (StatSoft. Inc., 2005).LONGITUDE (W)
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Fig. 2. (a) Altimetry conditions in the Gulf of Mexico from February 19 to March 11,
2013. Three-week average of sea surface height anomaly (SSHA) from AVISO pro-
ducts (http://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/
global/ssha.html) and geostrophic velocity vectors. Image courtesy of Dr. Reginaldo
Durazo; (b) Sea surface temperature (°C) contours. Black dots indicate sampling
stations of the present study.3. Results
3.1. Distribution pattern of environmental characteristics
The main features of the hydrographic conditions in the
southern GM during the XIXIMI-3 cruise were several anticyclonic
and cyclonic structures (Fig. 2a). The most remarkable features
were: (1) the anticyclonic intrusion in the eastern GM of the
Caribbean/Loop Current water; (2) the presence of two antic-
yclonic eddies in the western area, both remnants of the antic-
yclonic eddy “Jumbo”, detached from the Loop Current during July
2012 (Horizon Marine, Inc., http://www.horizonmarine.com/loop-
current-eddies.html); (3) two cyclonic structures: one with a
southwest–northeast (SW–NE) orientation, which developed into
a strong cyclonic eddy on the western side of the Loop Current
(26–25°N), and a second one oriented southeast–northwest (SE–
NW) between the two anticyclonic eddies inside the GM (23–
25°N); and (4) the small cyclonic eddy in the Bay of Campeche
(20°N), which seems to be a semi-permanent structure in the GM
(Fig. 2a; Pérez-Brunius et al., 2013). These mesoscale dynamic
features were further reﬂected in the distribution of sea surface
temperature (Fig. 2b). The intrusion of the Loop Current and the
anticyclonic eddy “Jumbo” centered at 22°N/95°W were asso-
ciated with warmer (426 °C) surface waters, while cooler
(o23.5 °C) surface waters were mainly linked to cyclonic struc-
tures as those observed at the western side of the Loop Current,
next to the Tamaulipas slope in the north, as well as in Bay of
Campeche (Fig. 2b).
Eddies were ubiquitous, and not only inﬂuenced the distribu-
tion pattern of surface temperature, but also induced a large
variability in the vertical patterns of temperature (Fig. 3a, b, c),
salinity (Fig. 3d, e, f), dissolved oxygen (Figs. 3g, h, i), nutrients
(NN; Fig. 4a, b, c), and ﬂuorescence (Fig. 4d, e, f). On the eastern
edge of the north transect, warmer (26 °C; Fig. 3a), fresher
(o36.3 g Kg1; Fig. 3d), oxygen-rich (200 mmol Kg1; Fig. 3g),low-NN (o0.5 mM; Fig. 4a), and low-ﬂuorescence (o0.1 rel. units;
Fig. 4d) waters were observed, reﬂecting the intrusion of the an-
ticyclonic circulation of the Loop Current waters. Adjacent to this
(around 88 °W), a frontal region with relatively cooler waters
shoaling to the west was observed, associated with a cyclonic
structure and the anticyclonic intrusion of warm Loop Current
waters on the east. The water column westwards from the front
was relatively cooler (o22 °C; Fig. 3a), saltier (436.7 g Kg1;
Fig. 3d), lower in oxygen (o170 mmol Kg1; Fig. 3g), and NN-rich
(2.5 mM; Fig. 4a), with maxima ﬂuorescence values at 50 m
(0.35 rel. units; Fig. 4d). On the central transect, the signature of
the anticyclonic eddy “Jumbo” was clearly distinguishable through
the deepening of the MLD (isopycnal surface of 25.5 kg m3), re-
sulting in relatively warmer (24 °C; Fig. 3b), saltier
(36.7 g Kg1; Fig. 3e), oxygen-rich (200 mmol kg1; Fig. 3h),
and NN-poorer surface waters (o0.5 mM), as well as a displace-
ment of the base of the nitracline to depths 4100 m at several
stations (Fig. 4b). Low ﬂuorescence values (0.15 rel. units) were
evenly distributed within the ﬁrst 100 m (Fig. 4e). The relatively
cooler (o21 °C; Fig. 3c), fresher (o36.5 g Kg1; Fig. 3f), low-
oxygen (o150 mmol kg1; Fig. 3i), and high-NN waters (43 mM;
Fig. 4c) along the south transect were most likely a result of the
shoaling of subsurface waters within the cyclonic structure in the
Bay of Campeche. These features were associated with a shoaling
of ﬂuorescence maxima (0.45 rel. units), concentrated within a
Fig. 3. Hydrographic conditions of the water column (0–200 m) along the north, central, and south transect. (a,b,c) Temperature (°C; color contours) and sigma-t (kg m3;
white lines). The black line indicates the pycnocline (sigma-t¼25.5 kg m3), considered here as approximately the base of the mixed layer depth (MLD); (d,e,f) salinity
(g kg1); (g,h,i) dissolved oxygen (μmoles kg1). Station labels are indicated at the top of each panel.
L. Linacre et al. / Deep-Sea Research I 106 (2015) 55–67 59thin layer between 50–80 m depth, and narrowly bounded by the
isopycnal surface of 25.5 kg m3 (Fig. 4f).
3.2. Picoplankton abundance and carbon biomass assessments
The picoplankton community was numerically dominated by
HBAC followed by the autotrophic population PRO (Table 1), with
relative abundances of 77% and 21%, respectively. Considering only
the picophytoplankton populations, PRO accounted for an average
of 89% of the total autotrophic abundance. The spatial distribution
pattern of abundance and carbon biomass of the picoplankton
community was similar (data not shown). This can partially be
explained as a result of using a constant carbon-per-cell conver-
sion factor for the prokaryotic populations, and also because the
PEUK biomass estimates were mostly inﬂuenced by their abun-
dances rather than by their computed carbon conversion factors
related to their BV (i.e., cell-size) changes. Therefore, the results
described in the following sections are based on the carbon bio-
mass patterns of picoplankton.
A close balance in carbon biomass between autotrophic
(13.3475.34 mgC l1) and heterotrophic (11.2273.38 mgC l1)
picoplankton populations was observed. The sum of the mean
carbon biomass of the autotrophic PRO, SYN, and PEUK accounted
on average for 54% of the total picoplankton biomass, while the
remaining fraction (i.e. 46%) corresponded to HBAC (Table 1). The
most dominant picophytoplankton, PRO, showed a high variability
in carbon biomass around an average value of 8.58 mgC l1 (Ta-
ble 1), accounting for 64% of the total autotrophic biomass and for
35% of the total picoplankton biomass. By contrast, SYN and PEUK
were both poorly represented in carbon terms (o20% of total
picoplankton biomass; Table 1), maybe related to their speciﬁc
nutritional requirements. The mean biomass ratios of PRO to SYN
and PRO to PEUK were 5:1 and 3:1, respectively.3.3. Distribution pattern of the picoplankton populations
Carbon concentrations of autotrophic and heterotrophic pico-
plankton populations showed a patchy surface distribution pat-
tern, with a weak association with the anticyclonic and cyclonic
structures (Supplementary Fig. 1). In general, carbon biomasses
tended to be rather high in frontal regions between counter-paired
eddies and between eddies and continental slopes (e.g., HBAC at
station 23 and PRO in the southern region), as well as in the cold-
core of cyclonic eddies (e.g., SYN and PEUK at station 15). By
contrast, lower carbon concentrations were observed toward the
anticyclonic Loop Current in the northern region (Supplementary
Fig. 1).
A clearer association with the mesoscale circulation and the
variability induced in the hydrographic parameters was observed
in the vertical distribution patterns of PRO (Fig. 5a, b, c), SYN
(Fig. 5d, e, f), PEUK (Fig. 6a, b, c) and HBAC (Fig. 6d, e, f) within the
ﬁrst 100 m depth. On average, PRO and SYN biomasses were al-
most two-fold higher in the nutrient-depleted upper layers
(o50 m depth) than in deeper waters (Z50 m depth) (t-test,
po0.05). PRO biomass values were generally associated with an-
ticyclonic structures: the highest PRO biomass values (20 mgC
l1) were observed in the north transect at 75 m depth (Fig. 5a),
most likely as a result of the downwelling of relatively warm
surface waters in the western anticyclonic eddy (Figs. 2a, b, 3a).
Furthermore, PRO biomass values were close to the regional
average (8 mgC l1) toward the eastern stations of the north
transect (Fig. 5a), a region inﬂuenced by the anticyclonic intrusion
of warmer Caribbean/Loop Current waters (stations 24–27;
Fig. 2b).
In contrast to PRO, the distribution pattern of SYN biomass was
usually associated with cyclonic circulation features, showing
maxima carbon biomass values (44 mgC l1) at 50–75 m depth
Fig. 4. Chemical and biological conditions of the water column (0–200 m) along the north, central, and south transect. (a,b,c) Nitrateþnitrite (NN) concentrations (mM; color
contours). The white line indicates the nitracline base (NN concentration¼1 mM); (d,e,f) Fluorescence (relative units). The white line indicates the pycnocline (sigma-
t¼25.5 k gm3), considered here as approximately the base of the mixed layer depth (MLD). Station labels for each transect are indicated at the top of each panel.
Table 1
Mean (7SD) and minimum–maximum (min–max) range of picoplankton abundances (104 cell ml−1) and carbon biomass (μgC l−1) from all stations/depths within the ﬁrst
100 m of the water column. Autotrophs (highlighted in grey): PRO: Prochlorococcus spp., SYN: Synechococcus spp., and PEUK: pico-eukaryotes; heterotrophs: HBAC:
H-bacteria.
Picoplankton group Mean abundance (104cell ml1) 7SD Range (min–max); N¼148 Mean biomass (μgC l−1) 7SD Range (min–max); N¼148
PRO 15.32 7.26 0 44.95 8.58 4.06 0 25.17
SYN 1.49 0.97 0.02 4.53 1.67 1.09 0.02 5.08
PEUK 0.36 0.22 0.02 1.66 3.09 1.38 0.25 10.3
HBAC 56.12 16.90 3.56 154.52 11.22 3.38 0.71 30.9
Total picoplankton 73.29 25.36 3.59 205.66 24.57 7.62 1.18 53.41
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slope (stations 12–15), centered at station 18 (Fig. 5d), and at the
eastern stations of the central transect (Fig. 5e). These higher SYN
biomasses were associated with the shoaling of cooler waters
(Fig. 3a, b) in the core of cyclonic eddies (Fig. 2a, b). However, both
PRO and SYN showed the lowest regional carbon values below
50 m (o5 and o1 mgC l1, respectively) in the semi-permanent
cyclonic eddy in Bay of Campeche, where their biomasses were
constrained to the shallower layers, and only increased toward theedges of this mesoscale structure (Fig. 5c, f). On the central
transect, PRO and SYN were more evenly distributed within the
whole water column, showing moderate biomass values, possibly
due to the vertical biomass transport especially at the eastern edge
(93–94 °W) of the anticyclonic eddy “Jumbo” (Fig. 5b, e).
At the center of the cold eddy in Bay of Campeche, high carbon
concentrations of PEUK (48 mgC l1) were found in the relatively
high nutrient subsurface waters (NN43 mM, Fig. 4c; silicic acid
42 mM, data not shown), where the highest regional relative
Fig. 5. Carbon biomass (μgC l−1) distribution of (a,b,c) Prochlorococcus spp. (PRO) and (d,e,f) Synechococcus spp. (SYN) within the ﬁrst 100 m of the water column along the
north, central, and south transect. Station labels for each transect are indicated at the top of each panel. Note that the biomass scales differ between PRO and SYN.
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50–75 m depth (Fig. 4f). Other deep PEUK biomass maxima were
observed on the north transect at 75 m (Fig. 6a). Lowest PEUK
carbon values occurred on the central transect (22–23 °N), where
nutrient concentrations showed characteristically low values in
the upper 100 m of the water column (Fig. 6b).
The HBAC biomass was positively related to the picophyto-
plankton (po0.05; Fig. 7). Maxima HBAC biomass values
(20 mgC l1) occurred on the central and south transects, espe-
cially close to the extensive platform of the Campeche Bank
(Figs. 6e, f). Additionally, we observed higher HBAC carbon bio-
mass concentrations in the frontal region of the north transect at
88 °W, between the cyclonic eddy and the anticyclonic Loop
Current intrusion (Figs. 6d, 3a).
3.4. Relationship between picoplankton biomass and environmental
factors
In the principal component analysis (PCA), the ﬁrst three prin-
cipal components with an eigenvalue higher than 1 were extracted,
which explained 43.1%, 16.4%, and 12.9% of the total variance, re-
spectively (Table 2). The ﬁrst principal component (PC1) showed anegative correlation of PRO and SYN with nutrients and a positive
correlation with temperature (TEMP) and dissolved oxygen (DO)
(Fig. 8a, Table 2). The second component (PC2) showed a positive
association with only PEUK biomass (Table 2). The third component
(PC3) explained mostly the negative association between salinity
(SAL) and ﬂuorescence (FLUOR) (Fig. 8a, Table 2). The station scores
plot revealed a clear separation of the pool of variables in surface
(o50 m) and deep (Z50 m) waters (Fig. 8b): higher carbon bio-
mass values, especially PRO and SYN populations, were mostly
found in the upper layers (o50 m, Fig. 8b) characterized by warmer
(422 °C), well-oxygenated (4200 mmol kg1), and nutrient-poor
(o1 mM of NN) waters, whereas lower carbon values were fre-
quently found in the deeper layers (Z50 m; Fig. 8b) associated with
colder (o21 °C), low-oxygenated (o170 mmol kg1), and nutrient-
rich (43 mM of NN) waters.
The association of PRO and SYN with nutrient-poor surface
waters was further corroborated by the inverse linear regression of
carbon biomass from these populations with NN concentrations
(po0.05; Fig. 9). Higher carbon values of both populations were
mostly associated with the NN-depleted (o1 mM) surface layers of
the GM. By contrast, low biomass values were observed at stations
where the rising of deeper waters pumped nutrients to the surface
Fig. 6. Carbon biomass (mC l1) distribution of (a,b,c) pico-eukaryotes (PEUK) and (d,e,f) heterotrophic bacteria (HBAC) within the ﬁrst 100 m of the water column along the
north, central, and south transect. Station labels for each transect are indicated at the top of each panel. Note that the biomass scales differ between PEUK and HBAC.
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Table 2
Results of principal component analysis (PCA) using environmental (temperature
[TEMP], salinity [SAL], dissolved oxygen [DO], ﬂuorescence [FLUOR], nitriteþnitrate
[NN], phosphate [P], silicic acid [Si], dissolved organic carbon [DOC]) and biological
(biomass of Prochlorococcus spp. [PRO], Synechococcus spp. [SYN], pico-eukaryotes
[PEUK], and heterotrophic bacteria [HBAC]) variables. Principal component
loadings 40.70 are shown in bold.
Variable PC 1 PC 2 PC 3
TEMP 0.79 0.36 0.01
SAL 0.13 0.14 0.74
DO 0.90 0.26 0.01
FLUOR 0.01 0.50 0.68
PRO 0.83 0.29 0.24
SYN 0.77 0.22 0.27
PEUK 0.49 0.77 0.00
HBAC 0.57 0.67 0.13
DOC 0.15 0.36 0.30
NN 0.91 0.28 0.11
P 0.73 0.28 0.30
Si 0.70 0.17 0.45
% Expl. Var 43.15 16.36 12.88
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Campeche, where the highest PRO and SYN biomass values were
registered mainly within the upper 50 m, above the nutrient-rich
waters of subsurface strata (Figs. 4c and 5c,f).4. Discussion
4.1. Picoplankton biomass assessments and the challenge of choosing
an appropriate carbon conversion factor
Most studies that characterize the structure and distribution
patterns of marine plankton communities and populations are
based on abundances; however, being the principal structural
component of organisms, carbon represents a more useful para-
meter to represent local and regional distributions of the biomassattributed to different functional groups, in order to understand
their roles in the global carbon cycle and to represent them in
marine ecosystem models (e.g., Le Quéré et al., 2005). The ap-
propriate selection of the carbon factor is challenging, given the
carbon-content-per-cell differences due to cell-size variability
among and within picoplankton populations. For instance, cell-
size of PRO and SYN increases mostly below 150 m depth, in
contrast to a small cell-size variation for PEUK (Gin et al., 1999;
DuRand et al., 2001; Buitenhuis et al., 2012). An additional main
source of uncertainty relates to the indirect estimation based on
the tight relationship between the FALS (measured by ﬂow cyto-
metry) and cell size (Buitenhuis et al., 2012). In this regard, the
major source of ambiguity of PEUK biomass estimates is associated
with the deﬁnition of the size cut-off. Additional variability is
caused by, e.g., the minimum cellular chlorophyll content of PRO in
near-surface oligotrophic waters, which is close to the detection
limit of standard ﬂow cytometers, rendering abundance mea-
surements difﬁcult (Dusenberry and Frankel, 1994).
L. Linacre et al. / Deep-Sea Research I 106 (2015) 55–6764In the present study, for the ﬁrst time, the carbon biomass of
autotrophic and heterotrophic picoplankton populations was as-
sessed in oceanic waters of an extensive deep-water region
(41000 m depth) of the southern GM during the “nortes” season.
The picoplankton sampling in this study was done in the upper
euphotic layer (mostly above 75 m depth); therefore, the cell-size
variability as a function of depth may be considered negligible or
at least minimal. Moreover, the carbon biomass assessments are
based on picoplankton cell abundances typical of open GM waters.
Towards the oligotrophic northern region, picophytoplankton
abundance is within the same variability range as in our study
(Wawrik et al., 2003; Liu et al., 2004). Since mostly oligotrophic
waters were observed within the euphotic zone of the southern
GM, the carbon conversion factors were taken from studies in
open-ocean systems dominated by microbial communities (Lee
and Fuhrman, 1987; Garrison et al., 2000; DuRand et al., 2001).
The conversion factors for HBAC, PRO, and SYN (20, 56, and 112 fgC
cell1, respectively), and the calculated carbon factors for PEUK
around 1011 fgC cell1, were also similar to the average conver-
sion factors reported for picophytoplankton populations in a glo-
bal data compilation derived from indirect methods (FALS) on
in situ samples (60, 154, and 1319 fgC cell1 for PRO, SYN and
PEUK, respectively; Buitenhuis et al., 2012). As a result, the mean
carbon of picophytoplankton populations assessed in the present
study (13.3475.34 mgC l1) is comparable to global biomass es-
timates (12722 mgC l1), and particularly to tropical regions
(15724 mgC l1, Buitenhuis et al., 2012). Thus, our picoplankton
biomass assessments based on rather conservative carbon con-
version factors can be considered reliable and useful for future
picoplankton studies in the oligotrophic waters of the GM.
4.2. The importance of PRO in the pelagic food-web structure of the
southern GM
Similar to other oligotrophic open-ocean ecosystems of the
Atlantic and the Paciﬁc Ocean, prokaryotes contributed sig-
niﬁcantly to the total picophytoplankton biomass in the southern
GM waters. Particularly PRO, accounting for more than 60% of the
total pico-autotrophic biomass in the study area, has been re-
cognized to be responsible for up to half of the photosynthetic
biomass and production in several tropical and subtropical regions
(Campbell et al., 1994, 1997; Zubkov et al., 1998; DuRand et al.,
2001; Veldhuis and Kraay, 2004; Pasulka et al., 2013. At ALOHA
station (Hawaii) for instance, PRO contributes with 450% to the
total autotrophic biomass within the upper euphotic zone (0–
50 m) between January and June (monthly 4.5-year time-series;
Pasulka et al., 2013). Also previous studies report that PRO ac-
counts for a large fraction of the microbial community in the same
region (440% of carbon biomass; Campbell et al., 1994, 1997).
Similarly, PRO was identiﬁed as the most dominant component of
the whole phytoplankton community in the Sargasso Sea, ac-
counting for 24%–50% of the autotrophic carbon throughout the
year (time-series study at BATS station, DuRand et al., 2001). The
predominance of PRO in tropical ecosystems, where the scarcity of
essential macronutrients in the euphotic zone limits photosynth-
esis and cell growth, may be a result of its biological adaptation to
oligotrophy through a reduction in cell and genome sizes. Thus,
the resources necessary for life are minimal, which is a consider-
able advantage over other photoautotrophs in warm, oligotrophic
areas of the ocean (Partensky and Garczarek, 2010). On the other
hand, the generally observed numerical dominance of PRO in
nutrient-depleted surface waters of subtropical oceans has been
associated with a preference for recycled or organic nutrients, and
also high rates of urea utilization (Zubkov et al., 2003; Painter
et al., 2008; Fawcett et al., 2011). The negative and signiﬁcant re-
gressions between PRO/SYN and NN (Fig. 9) suggest that they arelikely utilizing recycled reduced-nitrogen species at lower en-
ergetic costs. Also, they may be assimilating reduced and organic
nitrogen forms derived from the nitrogen-ﬁxing diazotrophic cy-
anobacterium Trichodesmium spp., which co-occurs in the upper
water column and relieves the nutrient limitation (Mullholland,
2007). Our study adds to the evidence that PRO builds a signiﬁcant
fraction of microbial communities in open ocean ecosystems,
likely playing a signiﬁcant role in the carbon cycle in oligotrophic
regions.
4.3. Picoplankton carbon distribution linked to hydrographic condi-
tions and habitat preferences
The vertical distribution patterns of NN, ﬂuorescence, and pi-
coplankton populations associated with the hydrographic condi-
tions were similar to those observed in several oceanic regions of
high mesoscale variability. In the Canary Islands region, a sinking
of the isolines of chlorophyll and autotrophic and heterotrophic
bacteria abundance was observed following a steep deepening of
the isotherms in the warm-core of an anticyclonic eddy (Aristegui
and Montero, 2005). By contrast, different plankton groups and
chlorophyll were constrained to the upper 50 m in the cold-core of
a cyclonic eddy, reaching maximum values at its edges (Aristegui
and Montero, 2005). Similarly, in the North Paciﬁc subtropical
gyre, a shoaling of ﬂuorescence and biomass associated with a
maximum lifting of the 24 kg m3 isopycnal surface occurred in
the center of a cold-core cyclonic eddy (Brown et al., 2008).
Moreover, chlorophyll concentration and carbon biomass of phy-
toplankton, diatoms, and autotrophic picoeukaryotes were higher
mainly in the lower euphotic zone, whereas the photosynthetic
prokaryotes were conﬁned to above the 24 kg m3 isopycnal
surface, reaching their maxima abundances in surface waters ad-
jacent to the eddy center (Brown et al., 2008). The picoplankton
distribution pattern reﬂects the effect of anticyclonic/cyclonic ed-
dies, which induces the dispersal of dissolved and particulate or-
ganic carbon below and above the euphotic zone like an effective
“two-way biological pump” (Aristegui and Montero, 2005).
The accumulation of HBAC in frontal regions seems to be
common feature (Floodgate et al., 1981; Pomeroy et al., 1983; Peele
et al., 1985; Ducklow, 1988; Børshem, 1990; Aristegui and Montero,
2005), and may be a consequence of the water convergence pro-
ducing an accumulation of dissolved and particulate organic
matter. The strong coupling between HBAC and picophytoplankton
biomass (Fig. 7), as observed in the oligotrophic oceanic northern
GM waters (Liu et al., 2004), and also the low NN concentrations in
the surface waters (Figs. 4a, b, c), indicate that there may be a
direct link among the picoplankton community, DOM production,
and nutrient cycling. HBAC growth may be sustained through the
supply of the organic compounds of detrital material from phy-
toplankton cells, or, vice versa, HBAC remineralization of inorganic
nutrients (e.g., ammonium) may stimulate the growth of the
phytoplankton community. A dominance of regenerated phyto-
plankton production was reported in the northern GM offshore
waters as a consequence of higher ammonium than nitrate con-
centrations and high ammonium uptake rates (Wawrik et al.,
2004). Thus, in the southern GM, picophytoplankton population
growth may as well be sustained by recycled nutrients, such as
ammonium and other complementary nitrogen sources (i.e., ni-
trite, urea, cyanate, amino acids and oligopeptides). Additionally,
nutrient cycling by viral lysis on microorganisms (Suttle, 2005) has
been observed in oligotrophic regions, where, e.g., PRO and SYN
can directly uptake viral lysis products, such as dissolved organic
nitrogenous compounds (Zubkov et al., 2003) and organic iron
(Wilhelm and Trick, 1994). In the GM as well as in Mediterranean
waters, SYN growth depends on nutrient cycling by viral lysis of
HBAC, as evidenced by the lower growth rates of SYN under
L. Linacre et al. / Deep-Sea Research I 106 (2015) 55–67 65reduced viral abundances (Weinbauer et al., 2011). Therefore, we
hypothesize that an intense microbial activity supports the re-
generated primary production in the oceanic waters of the
southern GM, at least during winter conditions.
In addition to the mesoscale circulation, the aggregation in
surface and deeper layers of the euphotic zone is also likely due to
habitat preferences. The accumulation of PEUK within the differ-
ent strata of the euphotic layer is likely related to their ability to
move within the water column over different light and nutrient
gradients to ﬁnd optimum growth conditions (Raven, 1998). In the
eastern subtropical North Atlantic Ocean, high abundances of re-
sident PEUK populations coincided with high nitrate uptake rates
at the nitracline depth (Painter et al., 2014). Accordingly, the deep
maximum of PEUK close to the nitracline at the north transect
(Fig. 6a) is probably linked to resident PEUK populations that
utilize the nitrate of deeper strata. Apart from the deep PEUK
maximum, a remarkable PRO carbon biomass peak (420 mgC l1)
was conﬁned to 75 m depth close to the nitracline base (Fig. 5a),
suggesting the presence of a low-light-adapted (LL) PRO ecotype in
the study area. Some LL-adapted PRO cells have homologous genes
for nitrite utilization but lack the genes for nitrate uptake; there-
fore, they were probably utilizing nitrite as the only oxidized ni-
trogen source in addition to reduced N species (Moore et al.,
2002). On the other hand, some PRO ecotypes in the Sargasso Sea
are able to assimilate nitrate (Casey et al., 2007; Treibergs et al.,
2014), and the existence of nitrite and nitrate reductase genes has
been revealed in other PRO variants (Martiny et al., 2009). In either
case, both LL-adapted PRO and deeper PEUK residents may con-
tribute to the development and maintenance of the deep chlor-
ophyll maximum layer over the study area (Figs. 4d, f). Physical
forcing on the mixed layer, such as deep winter mixing by strong
northerly winds, pumping of deep waters by cyclonic eddies, eddy
interaction with continental slopes (Zavala-Hidalgo et al., 2003,
2006; Dubranna et al., 2011; Pérez-Brunius et al., 2013), and even
mixing of oceanic surface layers by hurricanes, which can intensify
the cyclonic circulation (e.g., Walker et al., 2005), may be provid-
ing the lower euphotic zone with new nutrients that sustain the
deeper picoplankton populations. The signiﬁcant fraction of pico-
plankton standing stocks in the surface layers, as well as the re-
markable biomass peaks found in deeper waters at some locations
of the study area, are associated with the regional mesoscale
physical dynamics, but may also be due to distinct habitat pre-
ferences (nutrients and light conditions) of the different pico-
plankton populations.5. Conclusions
The high carbon biomasses of autotrophic and heterotrophic
picoplankton populations evidence the signiﬁcance of these mi-
crobial components in the structure of the pelagic food web in an
ecologically and economically important region. During winter-
time in the southern GM region, the marine cyanobacterium PRO,
together with HBAC populations, accounted for 480% of the total
picoplankton carbon biomass, suggesting an important role of
both functional groups in the biogeochemical cycles. In spite of the
small size, PRO contributed signiﬁcantly to the bulk autotrophic
carbon standing stock, likely providing a large portion of the pri-
mary production that sustains the diverse GM ecosystem. Given
the signiﬁcant contribution of PRO to the primary producer carbon
biomass in the GM waters and several open-ocean ecosystems of
the world, they may have a substantial impact on the carbon cycle
in oligotrophic regions.
The main mechanism distributing the picoplankton carbon
standing stocks is related to the regional mesoscale dynamics in
the GM: anticyclonic and cyclonic eddies aggregate, disperse, andvertically transport the picoplankton carbon biomass within the
mixed layer of this oligotrophic open-ocean environment. The
biomass peaks in deeper layers of the euphotic zone may be sus-
tained by nitrogen inputs to the lower euphotic zone provided by
physical mechanisms, such as deep winter mixing, pumping of
deep waters by cyclonic eddies, eddy interaction with continental
slopes, and even surface waters mixing by hurricane activity. As-
pects associated with nutrimental preferences (i.e. different ni-
trogen species) and light conditions (i.e. LL-PRO strains) to ﬁnd
optimum growth conditions additionally determine the distribu-
tion pattern of the microbial populations. Large picoplankton
standing stocks remain in nutrient-depleted surface layers likely
sustained by recycled nutrient sources (e.g., ammonium) from
microbial activity or external sources derived from nitrogen-ﬁxers.
Other factors modulating the spatial distribution pattern of
picoplankton populations in the water column may be the mi-
crozooplancton grazing pressure, microbial interactions, respira-
tion, and carbon export; however, they need to be addressed in
future studies of the GM ecosystem. Moreover, predictions about a
gradual shift toward smaller primary producers in a warmer ocean
as a result of large-scale climate changes may have profound im-
plications for the marine biogeochemistry (e.g., Morán et al., 2010).
Therefore, we recommend further approaches in microbial ocea-
nography, as they are useful to a better mechanistic understanding
of the functioning of oceanic ecosystems and future alterations in
the context of global ocean warming.Acknowledgments
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